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ABSTRACT
TESTING AND SIMULATION OF PHASE CHANGE MATERIAL WALLBOARD 
FOR THERMAL STORAGE IN BUILDINGS
Name: Hannig, John Michael
University of Dayton, 1998
Advisor: Dr. Kelly Kissock
Linear alkyl hydrocarbons in the form of paraffin wax can be formulated to 
change phase at about room temperature. When this phase change material (PCM) is 
incorporated into gypsum wallboard, the latent heat of phase change can reduce and delay 
cooling and heating loads and improve occupant comfort.
This thesis summarizes the testing and simulation of PCM wallboard in simple 
structures. Two 1.22 x 1.22 x 0.61 m (4 x 4 x 2 ft) test cells were built using typical 
light-frame construction techniques. One wall of each cell consisted of a transparent 
acrylic window. The control cell was constructed with regular gypsum wallboard and the
second cell with wallboard imbibed to 30% by composite weight of PCM. Differential 
scanning calorimeter (DSC) testing was used to determine the thermal properties of the
standard and the PCM wallboard. The test cells were oriented such that the window of
each cell faced south. Solar radiation, outside ambient temperatures, and temperatures in
the test cells were monitored from October 28 to November 17, 1997.
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Test results indicate that peak interior air temperatures were up to 20°C less and
occurred about 1.5 hours later in the PCM cell than in the control cell, clearly 
demonstrating the temperature moderating affect of the phase-change wallboard.
A finite-difference simulation model was developed to predict temperatures in 
each cell using measured solar radiation and outdoor air temperature data as input. The 
model included a sub-routine based on DSC data to model the thermal performance of the 
phase-change wallboard. The model was able to accurately predict interior temperatures
in both cells with an average error of about 2°C. The validated model will be adapted to
predict the thermal performance of PCM in real buildings.
iv
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In 1982 the University of Dayton Research Institute began the search for a cost- 
effective, environmentally safe phase change material (PCM) and the means with which 
to incorporate the PCM into building media (Salyer, I. And Sircar, A., 1997). The 
increased thermal energy storage of PCM in gypsum wallboard was predicted to increase 
occupant comfort and reduce the heating and cooling loads in residential buildings.
Linear alkyl hydrocarbons possess a narrow phase change temperature region, 
display thermocycling stability, and are non-toxic. Development of linear alkyl 
hydrocarbons for energy storage in buildings was done because of these characteristics, 
in combination with the latent heat and minimal supercooling of linear alkyl 
hydrocarbons (Salyer, I. And Sircar, A., 1997). Linear alkyl hydrocarbons are organic 
compounds composed of chains of carbon atoms saturated with hydrogen atoms. These 
chains are normally referred to as alkanes, having a molecular formula CnH2n+2 (Fieback,
K., and Gutberlet, H.). Typical linear alkyl hydrocarbon structural formulas are shown in
Figure 1.
The phase change temperatures of these alkanes are directly proportional to the 
number of carbon atoms in the molecules. A plot of the melting temperatures versus 
carbon chain length of commercially available alkyl hydrocarbons is shown in Figure 2
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(Salyer, I. And Sircar, A., 1997). The phase change materials can be selected for a
particular application based on the melting temperature required. For the application of 
PCM for energy storage in buildings, phase change around room temperature is required.
Technical grade octadecane (CigFbs) has a melting temperature of 25°C, but is expensive.
K -18 is a commercially available industrial grade of octadecane that costs significantly
lower than pure octadecane. Because K-18 is an impure blend of alkyl hydrocarbons, the 
presence of alkanes other than octadecane causes some minor detrimental effects on the
thermal properties of the octadecane in the blend such as a wider melting temperature 
range and a lower latent heat of phase change. K-18 was selected as the most appropriate 
PCM for thermal storage in buildings because it has the desired thermal properties for 
building applications and is economically feasible.
H H H
H -C -C -C -H
H H H H H H H H H H  
I I I I I I I I I I
H - C - C - C - C - C - C - C - C - C - C - H
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Figure 1. Typical linear alkyl hydrocarbon structural formulas
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Figure 2. Melting point vs. Carbon chain length for 
commercially available alkyl hydrocarbons. Melting point 
determined using DSC data collected at 2°C/min rate of 
heating and cooling (Salyer, I. And Sircar, A., 1997).
The reason for using a PCM is to take advantage of the high latent heat required 
to change phase. When changing phase the PCM absorbs or rejects a large amount of 
heat with the surroundings while remaining at a nearly constant temperature. When 
incorporated into wallboard K-18 dampens temperature fluctuations and stores more 
thermal energy relative to standard gypsum wallboard. These effects may increase
occupant comfort and provide long term energy savings.
Over the course of the research a variety of methods for incorporating the PCM 
into the gypsum wallboard were considered. The most promising of these were a simple 
imbibing process in which the wallboard was submerged in a liquid bath of PCM and the 
addition of PCM impregnated silica powder or pellets to the wet mix stage of the 
wallboard manufacture process (Salyer, I. And Sircar, A., 1997). Imbibing was the 
preferred process for PCM application to gypsum wallboard for several reasons. The 
percent weight per composite of PCM in the wallboard was a function of the imbibing
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time and is consistently reproducible. A uniform distribution of PCM throughout the 
wallboard was achievable through imbibing. The imbibed wallboards were not waxy to 
the touch and required no special preparation prior to primer and paint application. No 
significant leakage of the PCM from imbibed wallboards was found over the course of 
300 thermal cycles through the melting temperature of the PCM. The imbibed
wallboards possessed a higher wet-strength than untreated wallboards. Imbibed wallboard 
has been shown to have an acceptable level of fire resistance if the percent weight by 
composite of PCM is held under 20%. Wallboards imbibed with over twenty percent 
weight PCM by composite did not self-extinguish during flammability testing, and 




Several investigations into the applications and benefits of PCM wallboard in 
residential buildings have been conducted. Most of this literature is based on simulation 
and calculation. Few experimental studies involving PCM wallboard have been 
completed.
The Transient Systems Simulation Program (TRNSYS) was modified by 
Tomlinson and Heberle (1990) to accommodate PCM wallboard. Simulations of passive
solar and conventional residential structures with and without PCM wallboard were
conducted. Solar and thermal input data for the code were derived from hourly weather 
data for Denver, Colorado from October to April. The results of the simulation indicated
that the PCM wallboard had a negligible impact on heating energy load for non-solar 
buildings. However, for passive solar buildings a discounted payback period of five
years or less was predicted.
Neeper (1990) investigated three particular aspects of heating and cooling of 
buildings where the application of PCM wallboard could have a significant, positive 
effect: passive solar heating, ventilative cooling, and peak shifting of cooling loads. A 
simple model was constructed to show the impact of PCM wallboard in residential 
buildings with passive solar heating. The results of Neeper’s modeling indicated that
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with the addition of PCM wallboard, a larger fraction of the heating load would shift to
passive solar heating. The increased amount of solar heating contribution was dependent
upon climate.
Next Neeper estimated the effects of PCM wallboard in conjunction with 
ventilative cooling. The thermal storage capabilities of the PCM wallboard combined 
with ventilative cooling was predicted to provide several ton-hours of cooling over most 
of the United States in the months from July to September. These results were limited by 
the phase change temperature of the PCM and the effects of high relative humidity on
ventilative cooling.
Neeper also estimated the effectiveness of PCM wallboard for shifting peak 
cooling loads. The benefits associated with peak shifting were based on lower utility 
rates for off-peak periods. It was estimated that 90% or more of the sensible cooling load 
could be shifted to off-peak hours, and a 30% reduction in air conditioner size could be 
accomplished through the use of PCM wallboard.
Stovall and Tomlinson (1991) conducted a simulation based on peak shifting of 
heating loads in non-solar buildings with electric heat pumps using the TRNSYS code
modified for PCM wallboard. Thermal data for a typical winter day in Nashville, 
Tennessee were used as input for the code. The simulation was run such that heating was 
supplied only during the off-peak hours between 2:00 p.m. and 8:00 a.m. During the 
peak hours the interior ambient temperature was allowed to float, but was stabilized by 
the thermal storage capabilities of the PCM wallboard. With careful heater control in 
combination with a properly selected PCM melting temperature, a five year payback was 
predicted with no sacrifice in occupant comfort.
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Fuestel and Stetiu (1997) conducted a simulation study using a finite-difference 
code called RADCOOL. A single room with two exterior walls in a residential building 
was modeled. Weather data for a representative week in Sunnyvale, California in June
were used as input. The room was ventilated with exterior air when the exterior ambient
temperature data fell below the phase change temperature of the PCM. No mechanical
cooling was used. The simulation results indicated that the room temperature could be
maintained within the bounds of comfort conditions by using a double layer of PCM
wallboard.
Kedl (1990) conducted experiments on 61 x 91 cm (2 x 3  ft) sheets of wallboard 
to validate a numerical model called WALL88. WALL88 was developed for evaluation
of transient thermal storage and transport in building materials. Kedl concluded that 
phase change in PCM wallboard was most accurately modeled as occurring over a range 
of temperatures, as opposed to a singular melting temperature. These results agree with 
those obtained through Differential Scanning Calorimeter (DSC) testing of PCM
wallboard samples.
Rudd (1993) constructed a room-scale side-by-side test to directly compare the 
energy storage capabilities of PCM wallboard with those of conventional gypsum
wallboard. DSC tests were run on a number of available phase change materials and 625 
coconut fatty acid PCM was chosen as the best fit with the desired interior temperature
ranges and the climate conditions in Cape Canaveral, Florida. The test cell was
constructed with a common wall separating two 3.4 x 3.4 x 2.4 meter high (11 x 11 x 8 ft)
rooms. A door was located on the north wall of each room. On the south wall of the
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rooms a window and an air conditioner were installed. In each room a 1500 W portable
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heater was placed diagonally opposite the air conditioner. Ceiling fans were used 
continuously throughout the testing to keep the air in the rooms well mixed. Infiltration 
was controlled and monitored during the testing. Regular gypsum wallboard was first 
installed in both of the rooms to calibrate the test cells. After the calibration process, the 
regular gypsum wallboard in one of the rooms was replaced with wallboard imbibed with 
625 coconut fatty acid PCM. The power to the heating and cooling systems of each room 
was monitored during a calorimeter type experiment. The difference in the energy 
requirements for each room was directly related to the energy stored in the PCM 
wallboard. PCM wallboard thermal storage capacity was calculated based on the 
experimental results and compared to DSC test results. Rudd reported an 8.7% variation 
in thermal storage capacity between DSC and experimental results, thus indicating good 
agreement between DSC testing and the performance of PCM wallboard for full-scale 
applications.
In a related research effort, Rudd (1994) simulated the performance of moisture-
storage coating mixtures combined with PCM wallboard. He concluded that the 
combination could significantly shift peak air conditioning loads to off-peak periods for 
residential buildings in hot climates with high relative humidity.
CHAPTER 3
OBJECTIVES
The majority of the research involving PCM wallboard up to this point predicted 
the thermal performance of PCM wallboard without validating the models through 
experimentation. Calorimeter type, room-scale testing was completed in order to 
determine if DSC testing could be used to predict PCM wallboard performance, and some 
modeling was done based on samples of PCM wallboard unincorporated into a building.
The work presented in this thesis describes the comparative testing and modeling 
of two cells, one constructed using K-18 imbibed wallboard and one constructed using 
regular gypsum wallboard. The test cells were designed as simplified and scaled-down 
versions of passive solar buildings. The objectives of the study were to 1) measure the
actual thermal performance of PCM wallboard in simple structures, and 2) determine if 
building temperatures could be modeled using DSC data and a finite-difference modeling 
approach. The resulting models could provide a validated basis to predict the 





Two test cells were constructed using typical residential building techniques. The 
design of the cells was based on a simplified scaled-down passive solar building. One of 
the test cells used wallboard imbibed with K-18, and the other used regular wallboard. 
Temperatures were recorded by data acquisition equipment using thermocouples at 13 
locations in each cell. Solar data was collected with a solar pyranometer. The data for 
each cell over the course of the testing was then processed and compared.
4.2 Test Cell Construction
Typical residential building techniques were used in building the test cells.
Different views of the assembled test cells are shown in Figures 3 and 4. The floors of
the cells were constructed with 1.3 cm (0.5 in) plywood over a frame of 5.1 x 15.2 cm (2 
x 6 in) floor joists. The joists were located 40.6 cm (16 in) on center and doubled at the 
sides. R-19 fiberglass insulation was installed between the floor joists. The cell walls
were constructed of 5.1 x 10.1 cm (2 x 4 in) stud frames with studs located 40.6 cm (16
in) on center with typical header, footer, and comer blocking. The walls were covered
with 1.3 cm (0.5 in) wallboard on the interior surface and 0.95 cm (0.375 in) plywood
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sheathing on the exterior. R-l 1 fiberglass insulation was installed between the studs in 
the walls. The exterior plywood sheathing of both test cells was primed and painted
white. The fourth wall in each cell consisted of a 0.64 cm (0.25 in) acrylic window. The
roof of each test cell consisted of a 5.1 x 15.2 cm (2 x 6 in) frame, doubled at the sides,
and 40.6 cm (16 in) on center. A 2.54 cm (1 in) vertical drop from front to back was
achieved by removing material from the top of each roof frame. R-19 fiberglass
insulation was installed between the roof joists. The outside of each roof was covered 
with 1.3 cm (0.5 in) plywood, a layer of felt paper, and standard three-tab black shingles.
Figure 3. Front view of test cell
The control test cell was outfitted with standard 1.3 cm (0.5 in) thick gypsum
wallboard for three of the interior walls and the ceiling. For the other test cell, standard
1.3 cm (0.5 in) thick gypsum wallboard was imbibed with K-18 PCM to 30% weight by 
composite. The joints in both cells were taped and spackled. The same spackling
compound, which contained no PCM, was used for both test cells. The interior walls and
ceiling were primed and painted white and the floor of each test cell was left unpainted
but covered with a dark brown carpet. Interior dimensions and building materials for the
test cells are listed in Tables 1 and 2.
12
Figure 4. Side view of test cell with exterior sheathing removed.
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A 32 Watt fluorescent light fixture was installed in the center of the ceiling of 
each test cell. The light was installed for indoor testing and was not used during the
outdoor test runs.
Table 1. Interior test cell dimensions
Test Cell Surface Width [cm (in)] Height [cm (in)]
PCM Test Cell
Right 122.7 (48.3) 60.7 (23.9)
Left 121.9 (48.0) 61.0 (24.0)
Back 123.2 (48.5) 61.0 (24.0)
Ceiling 121.7 (47.9) 121.9 (48.0)
Control Test Cell
Right 121.7 (47.9) 61.0 (24.0)
Left 121.9 (48.0) 61.0 (24.0)
Back 123.2 (48.5) 61.0 (24.0)
Ceiling 123.4 (48.6) 121.9 (48.0)
Table 2. Test Cell Building Materials
Material Description Comments
Lumber Construction Grade Source: Contractor’s 
Warehouse, Dayton, OH
Insulation CertainTeed Fiberglass 
R-11,R-19
Included Paper Backed 
Vapor Retarder
Wallboard Gyproc™ Gypsum 
(Georgia Pacific)
Meets CSA A82.27-M, 
ASTM C36, Approved 
MEA No. 682-56-SM
Phase Change Material K-18 Paraffin
Spackling Compound Sheetrock™ Lightweight All 
Purpose Joint Compound Plus 3
US Gypsum Co., Chicago












Exterior Paint Dirt Fighter® Dutch Boy
Exterior Acrylic Latex
White 517-10
Window Material Cyro, Inc., Acrylite™ PMMA Meets ASTM
Unpainted Exterior Wood 
Surfaces
Minwax® Fast Drying 
Polyurethane Clear Stain
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4.3 Processing of PCM Wallboard
The PCM was incorporated into the wallboard through an imbibing process. A 
liquid bath of PCM was prepared by heating the PCM above the melting temperature. 
45.7 x 61.0 cm (18 x 24 in) pieces of pre-dried wallboard were then submerged in the 
liquid bath for ten minutes. The PCM wallboard was then removed from the bath and 
allowed to cool to room temperature. The percent weight of PCM by composite (%wpcm) 





Where mHb is the mass of the wallboard before imbibing and mpcm is the mass of the PCM 
contained in the wallboard after imbibing. Approximately 30% weight PCM by 
composite was achieved in all samples (Table 3).
Table 3. Imbibed Wallboard Weights








1 1779 2410 96 26.2
2 1760 2499 94 29.6
3 1712 2379 94 28.0
4 1733 2512 92 31.0
5 1766 2465 94 28.4
6 1810 2526 97 28.3
7 1708 2422 96 29.5
8 1758 2471 96 28.9
9 1749 2449 94 28.6
10 1755 2485 97 29.4
11 1766 2460 93 28.2
12 1749 2413 94 27.5
13* 1829 2580 94 29.1
14 1760 2491 93 29.3
15 1744 2452 93 28.9
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After the imbibing process, the PCM wallboard appeared gray because of a blue
die added to the PCM. The PCM wallboard scored and fractured in a manner similar to
regular wallboard and no special preparations were necessary for installation and
painting.
Blue dye was added to the PCM bath to see PCM distribution through the 
wallboard. The dye failed to penetrate to the core of the wallboard, but the presence of 
the PCM was confirmed through DSC testing.
4.4 Thermal Properties of Wallboard
Thermal properties of K-18, wallboard, and wallboard imbibed with K-18 were 
determined experimentally through Differential Scanning Calorimeter (DSC) testing 
(Galaska et al., 1994). DSC testing involves the application of a constant rate of heating 
or cooling to a small material sample. During the testing the heat flow into or out of the 
sample is governed such that the sample maintains a constant rate of temperature change. 
The heat flow required to maintain this rate of change is recorded during the testing. 
When heat flow over a temperature range for a sample is compared with that of a material 
with known specific heat, the specific heat of the sample can be determined.
Figure 5 shows a DSC plot of testing done on a sample of wallboard imbibed with
K-18. The method of testing used required three scans with the DSC. The first scan was 
of the empty reference pan without a sample. This scan is shown in Figure 5 as the top 
series, denoted by “reference.” A standard material, with known specific heat over the
desired temperature range, was scanned next. The standard used in this testing was 
Argon gas. The scan of the standard is the lower horizontal line on the plot denoted by
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“std.” The third scan was done on the material of unknown specific heat. In the case of 
Figure 5, this material was the wallboard imbibed with K-18. The scan of the PCM 
wallboard is the lowest series on the plot with its two negative peaks indicating energy 
transferred to the sample during melting. DSC plots of pure octadecane show one peak 
around melting temperature. Because K-18 is a product of the petroleum refining 
process, linear alkyl hydrocarbons of different carbon chain lengths are present along 
with those around octadecane. These impurities produce a second smaller peak through 
the melting range of the K-18 (Salyer, I, and Sircar, A., 1997).
Figure 5. Plot of DSC test data used to find the specific heat of K-18 imbibed wallboard
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The next step in the process to determine the specific heat of the PCM wallboard
was to run a computer program developed at the University of Dayton Research Institute 
(UDRI) using the data collected from the three scans. Equation 2 was used in the code to 
calculate the specific heat of the sample, Cpsm.
CPtlM „AYsn
(2)
where Cpsl, and Ms, are the specific heat and the mass of the standard, respectively. Msm 
is the mass of the sample. ATJf is the difference between the heat flow of the reference
and the standard, and &Ysm is the difference between the heat flow of the reference and
the sample. ATJf and ATjm are represented on the plot for a temperature of 20°C. The heat
capacities ofK-18, wallboard imbibed with K-18, and regular wallboard are presented in 
Table 4 along with the conductivities of the K-18 imbibed wallboard and regular
wallboard.
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Table 4. Thermal Pro Gerties of K-18, PCM Wallboard, and Reaular Wallboard






























The conductivity of the wallboard, with and without PCM, was determined using 
a modified DSC technique (Galaska et al., 1994). A small cylindrical sample was used 
for each test. Temperatures were measured at each end of the sample. The temperature 
at the top of the sample (73), was monitored by a Type K thermocouple covered by a 
copper heat sink. The temperature at the bottom of the sample (7)). was held constant by 
heat exchange with the DSC. Conductivities of samples were determined relative to
19
reference samples of known thermal conductivity. Calculation of the conductivities were 
based on the temperature gradient between the bottom and the top of the samples. AT.
k = k
H 5 Ls D; ATr 
' H L .  D; AT
(3)
where k is the thermal conductivity, H  is the heat flow between the sample and the DSC,
L is the sample length, and D is the sample diameter. The subscripts r and 5 refer to 
references of known conductivity and samples of unknown conductivity, respectively.
The phase change temperature regions and associated latent heats of K-18. alone 
and imbibed in wallboard, were determined using DSC testing. Samples of each were 
placed in the DSC and run through cycles of heating and cooling over specific 
temperature ranges. The heating and cooling rates of the samples were maintained as 
close to constant as possible through the heat exchange between the samples and the 
DSC. Figure 6 is a DSC plot of a single cycle of the heating and cooling of a sample of 
K-18 imbibed wallboard. The temperature change rate of the sample is denoted on the 
plot as “Temperature Rate” and relates to the temperature axis on the right side. A 
positive temperature slope indicates heating of the sample, and negative slope indicates 
cooling. The heat exchange between the DSC and the sample is denoted as “Sample Heat 
Flow” on the plot and correlates to the heat flow axis on the left. The negative peaks of 
the sample heat flow during heating indicate that energy was applied to the sample by the 
DSC during phase change in order to maintain a constant temperature rate. The positive 
peaks during cooling represent heat flow from the sample to the DSC during phase
change. Temperatures around the peaks (-2.90°C, 28.22°C, 25.26°C, and -8.60°C )
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indicate where, within the phase change temperature region, those peaks occur. The tick 
marks at the edges of each of these regions represent temperatures at the beginning and 
the end of phase change.
By integrating the sample heat flow trends between these temperatures, the latent 
heats of the sample during melting and freezing were determined. In Figure 6, the latent 
heat of melting is 56.85 J/g, and the latent heat of freezing is 57.49 J/g. These values are 
represented on the plot by the corresponding shaded areas. Note that the temperature 
range for phase change is from -14°C to 32°C on average, but the majority of the latent
heat required for phase change occurs closer to room temperature. This latent heat 
around room temperature is useful for energy storage in buildings. Thermal property data 
for this testing is presented in Table 5. Data sets, DSC plots and testing descriptions are 
presented in Appendix 3.
Table 5. Phase Change Temperature Ranges and Latent Heats of Fusion for K-18 and 
PCM Wallboard








Melting Test Run 1 -11.62 to 36.91 179.8
Melting Test Run 2 -14.71 to 35.23 187.2
Melting Avg. of 1 & 2 -13.17 to 36.07 183.5
Freezing Test Run 1 31.73 to -17.35 182.4
Freezing Test Run 2 30.15 to -18.42 183.4
Freezing Avg. of 1 & 2 30.94 to -17.89 182.9
K-18 Wallboard
Melting Test Run 1 -10.53 to 33.80 56.85
Melting Test Run 2 -10.20 to 32.63 58.17
Melting Avg. of 1 & 2 -10.37 to 33.22 57.51
Freezing Test Run 1 30.87 to -20.20 57.49
Freezing Test Run 2 30.71 t o -16.49 56.31
Freezing---------------W----- Avg. of 1 & 2 30.79 to -18.35 56.90
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A difference in the peak melting and freezing temperatures (28.22°C, and
25.26°C) is indicated on the DSC plot in Figure 6. This difference in temperatures is
caused by the supercooling of the K-18, and is dependent upon the temperature rate 
applied to the sample (Salyer, I. and Sircar, A., 1997). Supercooling in phase change 
materials results in different temperatures for melting and freezing. By taking an average 
of these two temperatures the effective melting temperature of the PCM can be
determined. In a PCM with a large difference between melting and freezing temperatures 
the increase in width of the phase change temperature region due to supercooling can 
make the PCM unacceptable for applications with narrow temperature swings. K-18 was 
chosen for building applications due to its relatively small supercooling compared to 
other phase change materials. Salyer and Sircar (1997) showed that as the temperature 
rate approached zero, the temperatures of melting and freezing of K-18 converge. The 
increase in phase change temperature range of K -18 due to supercooling would become 
negligible in buildings due to the small temperature change rates normally present.
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4.5 Thermocouple Locations
Type T thermocouples were used for temperature measurement in conjunction 
with the data acquisition equipment described in the next section. Thirteen locations
were monitored in each test cell and are listed in Table 6.
One thermocouple was placed in the center of the floor between the plywood and 
the carpet. The thermocouples on the interior surfaces of the right, back, and left walls,
and the ceiling were fastened using tacks a few inches before the bead end of the wire 
and pre-straining the wire against the specified surface. The same fastening method was
used to secure thermocouples on the outside of the wallboard, between the wallboard and
the fiberglass insulation, on both the right side and the ceiling of each test cell. In each
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test cell a thermocouple was located on the interior surface of the wallboard over the wall
stud. A thermocouple located on the inside at the center of the window of each cell was
applied using the pre-straining method and duct tape below the end of the wire. Two 
thermocouples were suspended in the test cell to record ambient temperatures. One of 
these was located behind a plastic housing to block direct solar radiation and simulate the 
temperatures observed by a thermostat. The second thermocouple was encased in a black
plastic ball. The temperatures recorded from in the black ball included the contribution 
of solar radiation and re-radiation from the ball. Outside ambient air temperatures were 
monitored with thermocouples suspended approximately 15 cm from the exterior 
sheathing and 15 cm from the roof surface on the left and right sides of the test cells.
Table 6. Thermocouple Locations
Thermocouple # Location
1 Floor Center
2 Ceiling (-8 centimeters from light fixture)
3 Right Wall / Center
4 Back Wall / Center
5 Left Wall / Center
6 Front Glass / Center
7 Inside Simulated Thermostat
8 Inside Black Body
9 Over Wall Stud (-5 centimeters inside window)
10 Right Wall / Outside Surface of Wallboard
11 Ceiling / Outside Surface of Wallboard
12 Outside Ambient Air / Right
13 Outside Ambient Air / Left
4.6 Data Acquisition
A 32-channel Iotech TempScan 1000 data acquisition unit communicating with a 
Compaq 486/25 laptop computer through an RS-232 serial connection was used to collect
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data over the course of the testing. Data was recorded in 15 minute intervals for all
testing.
4.7 Post Processing
The data acquisition equipment recorded voltages for all thermocouple inputs. An 
external cold junction temperature reference was required to convert the voltages 
recorded by the TempScan 1000 to temperatures. A thermocouple was connected from 
an Omega 115 digital thermometer to the TempScan 1000 junction block in order to 
record the cold junction temperature. The analog output from the Omega 115 was fed 
back into the TempScan 1000 to be recorded simultaneously with the other thermocouple 
voltages. NIST seventh-order polynomials for type-T thermocouples (reference OMEGA 
Catalogue Volume 29) were used to convert the Omega 115 output to a voltage 
corresponding to a type-T thermocouple voltage at the same temperature. The cold 
junction voltage was then added to the each of the output voltages for the other 
thermocouples and the NIST polynomials were used once more to convert the combined 
voltages into a final output temperature for each channel. The uncertainty in the output 




Outdoor testing was conducted with the test cells placed side-by-side and the 
window of each cell facing south. Instantaneous temperatures at each thermocouple 
location were recorded in fifteen minute intervals. Filtering would have been desirable to 
increase the signal-to-noise ratio but was not available with the acquisition equipment 
used. Temperature data were recorded from October 28 to November 17, 1997. Data 
acquisition was temporarily suspended every one to three days and the stored data 
downloaded. During data logger down time, conditions of each cell and thermocouple
attachments were checked.
Approximately one-quarter mile from the test cells, an Epply Black and White 
pyranometer was used to monitor global incident radiation on a horizontal surface. The
acquisition system used with the pyranometer was separate from that used for the 
thermocouples associated with the test cells, and consisted of a Radio Shack digital 
multimeter (catalog number 22-168A) with PC interface, in conjunction with a NCR 
System 3225, 325 MHz computer. The pyranometer system recorded instantaneous 
voltages at fifteen minute intervals. The radiation data was recorded simultaneously with 




Interior air temperatures for both test cells over three consecutive days starting on 
October 29 are displayed in Figure 7. The solar radiation data recorded over these days 
indicate that progressively more cloud cover was present with each new day (Figure 8). 
Peak outside ambient air temperatures over the course of the specified days were within
5°C. The dampening effect of the PCM wallboard can clearly be seen both at the
maximum and minimum temperature extremes. During the first two days, peak
temperatures were over 10°C cooler in the PCM cell relative to the control test cell, and
the PCM cell remained warmer during the night hours. A temperature step can be 
observed between 27°C and 32°C, during cooling from daytime peaks to nighttime lows.
This step occurs as the PCM releases energy into the cell as it changes from liquid to 
solid and clearly demonstrates the temperature moderating capability of the PCM 
wallboard. Unlike the cooling step, a clear delay in the heating rates of the interior air in 
the PCM cell is not noticeable. This is because of the high intensity of the incoming solar
energy during daytime heating compared to the less intense rejection of heat from the test
cell to the surroundings during the night hours. A delay in peak temperatures in the PCM
cell are also noticeable over the first two days. This effect could contribute further to the
peak load shifting capacity of PCM wallboard.
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........... PCM Cell Inside A ir -------------- Control Cell Inside Air
Figure 7. Interior air temperatures recorded from vented cover location in PCM and 
Control cells from October 29 through October 31, 1997; date ticks indicate 12:00a.m.
Horizontal Solar Radiation Outside Ambient Temperature
Figure 8. Horizontal solar radiation and outside ambient temperatures for October 29 
through October 31, 1997; date ticks indicate 12:00a.m.
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A complete set of plots for the testing, comparing the PCM and control cells, are 
in Appendix 1. Data acquisition was suspended between November 10 and November 
11, and also between November 15 and November 17. Throughout the testing, the peak 
temperatures in the PCM cell were consistently lower than those in the control cell. 
Delays in cooling rate are noticeable when the inside temperatures pass through the 
freezing range of the PCM. On days with high solar radiation, a delay in peak 
temperature for the PCM cell occurred.
Although the temperature range encountered in the test cells was well outside of 
the limits of human comfort, the results clearly demonstrate the energy storage capability 
of the PCM in wallboard. This energy storage capability could be used to shift cooling 
loads to off-peak hours when electricity demand rates are lower. Shifting the cooling 
load to off-peak hours when outside temperatures are lower leads to higher air 
conditioner efficiency and downsizing of mechanical cooling equipment. The energy 
storage capability of PCM wallboard could be used in heat pump heated houses to delay 
heating to off-peak hours. In passive solar applications more comfortable interior air 
temperatures could be maintained through the storage of solar radiation in the PCM
wallboard during the day, and release of stored energy from the wallboard during the
night hours. The temperature management capabilities of PCM wallboard in passive
solar buildings are predicted to be best when the diurnal temperature swings cycle around
the melting temperature of the PCM. The temperature moderating effects of the PCM
wallboard could improve occupant comfort in all buildings.
K-18 was designed for phase change around 25°C but the phase change for the K-
18 used during the experiment, as verified through DSC testing, occurred between 27°C
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and 32°C. The increase in phase change temperature is due to oxidation during the aging
process of the K-18. Anti-oxidants have been developed to prevent this melting 
temperature shift but were not applied to the batch of K-18 used for the testing. For 
application in real buildings it would be necessary to use a PCM with a phase change
region around 22.2°C (72°F).
Some problems with condensation on the interior surface of the cell windows
were encountered during the testing. The window of the PCM cell was covered with
condensation more often and more heavily than the control cell. This seems to be caused 
by the waterproofing effect of the PCM on the wallboard. After the pores of the 
wallboard are filled with K-18, the wallboard is virtually impenetrable by water and 
hence the wallboard becomes an effective moisture barrier. Water that passed into the 
interior of the PCM test cell, through infiltration or other means, was unable to escape or 
be absorbed as easily as that which had penetrated into the control cell. Upon inspection 
of the cells at the completion of the testing, a small amount of moisture was noted in the 
plywood floor of each test cell. A record of the condensation in the test cells is presented 
in Table 7. Note that no condensation was observed during the period shown in Figures 7
and 8.
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Table 7. Condensation in test cells
Dates Condensation (y/n)
2 8 -3 1  October NO condensation before 1.1:00 a.m. No observations available 
after 11:00 a.m.
1 -  2 November No observations available
3 November NO condensation at 7:30 a.m. No other observations available
4 November No observations available
5 November YES. Condensation noted at 3:00 p.m.
6 November YES. Condensation noted at 2:30 p.m.
7 November NO condensation before 4:00 p.m.
8 - 1 1  November NO condensation
12 November NO condensation noted at 7:30 a.m.
YES. Condensation noted at 11:30 a.m.
13 November NO condensation noted at 7:30 a.m. No other observations 
available
1 4 -1 6  November No observations available




One of the main goals of this research was to develop a model to simulate the 
thermal performance of the test cells. A model validated through experimentation at the 
test cell level could serve as the foundation for predicting PCM wallboard performance in 
full-scale buildings. This chapter describes the development of a finite-difference model 
based on the thermal properties of the test cells.
6.2 Property Testing of Wallboard
Differential scanning calorimeter (DSC) testing was used to experimentally 
determine the thermal conductivity and heat capacity of both the K-18 imbibed wallboard 
and gypsum wallboard used in the construction of the test cells. The procedures for 
determining these parameters are described in Section 4.4. Figure 9 is a plot of the DSC 
heat capacity data for the K-18 imbibed wallboard and gypsum wallboard. A near order 
of magnitude increase in specific heat of the K-18 wallboard over regular wallboard was 
observed during phase change.
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------------ Wallboard w ith 30% K -1 8 .............. Wallboard
Figure 9. Plot of DSC heat capacity data for wallboard imbibed with K-18 and gypsum 
wallboard.
Figure 10 is a plot of the change in enthalpy with temperature of imbibed 
wallboard and regular wallboard. The values were calculated from the DSC data using 




In the phase change region from 27 to 32°C the temperature of the K-18 wallboard
remains nearly constant with the addition or removal of energy while the temperature of 
the wallboard changes linearly with change in energy. The enthalpy-temperature
relationship for the K-18 imbibed wallboard was used in the simulation model described
in the next section.
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----------Wallboard with 30% K -1 8 ............Wallboard
Figure 10. Plot of change in enthalpy with respect to temperature for wallboard imbibed 
with K-18 and gypsum wallboard. Enthalpy arbitrarily set to zero at 0°C.
6.3 Description of Simulation Models
Two simulation models were constructed to simulate the performance of the test 
cells. One model was developed for the control cell, and one for the cell with K-18 
imbibed wallboard. The code for both cells was identical with the exception of the 
modeling of the wallboard. A finite-difference technique was used to model conduction 
through the building envelope. The technique was modified for the PCM wallboard to 
handle the energy storage capability. The finite difference equations were combined with 
solar gain air infiltration in an energy balance for each cell.
Inputs for the code were outside ambient temperatures and solar radiation.
Outside ambient temperatures were recorded at both sides of each cell during testing. 
During the morning hours the temperatures on the east sides of the cells were warmer
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than those on the west, and in the evening the temperatures on the east side were cooler. 
One possible explanation is the influence of direct solar radiation onto the unshielded 
thermocouples. In the morning the east sides were exposed to direct sunlight, and in the 
evening, the west sides were exposed. An hourly average of the east and west 
temperatures were used as input for the simulations.
An Epply pyranometer was used to record incident solar radiation on the 
horizontal approximately one-quarter mile from the test cells. The data were recorded in
fifteen minute intervals. The solar radiation incident on north, south, east and west
vertical surfaces was calculated using the HDKR anisotropic sky model (Duffie and
Beckman, 1991) as implemented in ESim (Kissock, 1997).
The temperature and solar radiation data were integrated to the hourly time scale.
A plot of the incident horizontal solar radiation and the ambient temperatures used as
input for the simulations is shown in Figure 11.
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Figure 11. Incident horizontal solar radiation and outside ambient temperature data used 
as input for the simulation models.
All mathematical models are simplifications of real phenomena. We made the 
following assumptions and simplifications. Radiation heat transfer between interior walls
and the exterior solar radiation were accounted for in convection coefficients that
implicitly include radiation.
The infiltration rate was assumed to be 0.1 air changes per hour due to the tight 
construction of the cells. The total amount of solar radiation absorbed by the interior 
surfaces of each cell was controlled by varying the transmissivity of the glazing. Thus, 
the transmissivity represents the amount of solar radiation transmitted through the glazing 
and absorbed by the interior surfaces. Interior surface absorbtivities were set to 1.0 and 
the incoming solar radiation was divided equally among the six interior surfaces. This 
seems reasonable due to the simple geometry of the test cells and the high reflectivity of
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the white painted walls. Convection coefficients are from Mitchell (1983). The overall 
ratio of stud area to total wall area was estimated to be 30% due to the significant header 
and comer framing relative to the short walls. Other significant assumptions are listed in
Table 8.
Table 8. Significant assumptions used in the simulation model. Convection coefficients 
from Mitchell (1983). 
Property Value
Infiltration rate 0.1 air changes/hr
Solar absorbtivity-exterior roof 0.8
Solar absorbtivity-exterior walls 0.2
Solar absorbtivity-interior surfaces 1.0
Solar absorbtivity-glazing 0.05
Solar transmissivity-glazing 0.54
Convection coefficient-exterior surfaces 34.1 W/n?C (6.0 Btu/hrff F)
Convection coefficient-interior walls 8.35 W/m2C (1.47 Btu/hrft2F)
Convection coefficient-interior floor 6.19 W/m2C (1.09 Btu/hrft2F)
Convection coefficient-interior ceiling 9.31 W /nrC  (1.64 Btu/hrfrF)
A resistance diagram of a cell wall with the distribution of nodes is shown in 
Figure 12. The cross section displayed was used to model conduction through the walls, 
floor, and ceiling of each cell. Five nodes were used in the model for both the interior 
and the exterior sheathing materials. One node was used for the fiberglass/stud section 
("mid") in order to avoid modeling instabilities due to its low mass capacitance relative to
the other wall sections.
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Figure 12. Resistance diagram of heat transfer model through walls.
The nodes of each section were numbered from 1 to 11, outside to inside,
respectively. Nodes 1 through 5 were located in the exterior material, node 6 in the
fiberglass/stud section of the material, and nodes 7 through 11 in the interior material.
Properties were assigned to each node based on location in each cell. Temperatures were 
calculated for each node in five second intervals using an explicit forward difference 
technique. The energy conservation equations for the nodes were as indicated in
Equations 5 through 11.
Node 1:
T/ + = T] + [(Tsolair.ex ~ Tp/Rfo, + (Ti - T /) /R ex] [dt/(dxp C p ) e x ]  (5)
Nodes 2 through 4:
T„+ = Tn + [T„.i + Tn+i - 2Tn] [dt/(dxp Cp R)ex ] (6)
Node 5:
T5+ = T5 + [(T4 -  T5)/Rex + (T6 -  T5)/RmidJ [dt/( dxp Cp R)ex ] (7)
Node 6:
T6+ = Tr, + [(Ts -  Tf,)/Rmd + (T 7- Tp/Rm,d] [dt/( dxp CpR)m,d] (8)
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Node 7:
T/+ = ?7 + [(Tfi ~ T7)/Rmid + (Tg -  T7)/Ri„] [dt/( dxp CpR)mld ]
Nodes 8 through 10:
r„+ -  T„ + [Tn-i + Tn+i - 2Tn] [dt/(dxp CpR)jn ]
Node 11:




where 7" is the current temperature at the node, T is the temperature at the node at the 
last time step dr, Tsi,ia,r is the effective temperature of the air including radiation absorbed 
on the surface, R is the thermal resistance, dx is the node thickness, p  is the density, and
Cp is the specific heat. At the end of each time step, an energy balance on the air was 
conducted. The thermal storage capability of the air was assumed to be negligible. The 
steady state equation was used to calculate the interior air temperature.
G7 CP \ ir T0M Mr + ^ A , h iTm i
i (12)
where V is the volume of the test cell, N is the number of air changes per hour, i is the
number of interior surfaces, and h is the combined convection and radiation coefficient.
The test cell constructed with K-18 imbibed wallboard was modeled identically to 
the control cell with one exception. A sub-routine was developed to deal with phase 
change in the wallboard of the PCM test cell. Temperatures for nodes 7 through 11 were 
calculated based on the temperature of each node at the last time step, and the heat energy
into the corresponding node over the course of that time step using the temperature/ 
enthalpy relationship plotted in Figure 10.
6.4 Simulation Results
Simulations were run using solar and temperature input data for October 29 
through November 10, 1997. The results were compared with test cell data measured 
over the same time period. Figures 13 and 14 show plots of simulated and measured 
temperature data from the east interior wall surface of control and PCM test cells. The
damping effect of the K-18, shown in the reduction in peak temperatures, was reproduced 
by the simulation. The temperature step through phase change around 30°C was not as
pronounced in the simulation results, but was present. Good agreement between 
simulated and measured indoor temperatures was observed except on November 2. The 
reason for the overshoot in simulated temperature relative to measured temperature on 
November 2 is unknown. Plots of selected simulated interior temperatures compared 
with measured temperature data are presented in Appendix 2. The plots show good 
agreement on all surfaces but the glazing. During the experiment, temperature 
measurement was done with a thermocouple that was unshielded from solar radiation at 
the interior surface of the glazing. Direct solar radiation on the thermocouples could 
produce higher than actual temperature readings and account for the large differences 
between measured and simulated temperatures at the glazing.
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Figure 13. Measured and simulated temperatures of the inside surface of the east wall for 
the control test cell.
----------- Measured East Wallboard (K-18 ) .............Simulated East W allboard (K-18)
Figure 14. Measured and simulated temperatures of the inside surface of the east wall of 
the phase change test cell
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The average absolute error ( ERR ) between the measured and simulated air
temperatures was calculated using Equation 13. Table 9 lists the ERR for inside air and
east wall temperatures over eight different simulation runs.
measured 1 simulated
n
Table 9. Average interior air and east wall temperatures? and average error ERR between 
measured and simulated temperatures for eight simulation runs, xa  is the transmissivity
of the glazing and ACH is the infiltration rate in air c nanges per hour.




T (°C) / ERR (°C)
Air
T (°C) /ERR (°C)
East Wall
T (°C) / ERR (°C)
Measured 19 .8 /0 19.3 /0 19 .4 /0 18 .8 /0
xa=0.54,
ACH = 0.1 17.9/2.56 18.4/2.19 18.1/2.09 18.6/1.56
xa=0.70,
ACH = 0.1
19.3/2.93 19.9/2.93 19.5/2.33 20.2 / 2.42
xa=0.54,
ACH = 0.5 17.8/2.61 18.3/2.22 18.0/2.13 18.5/1.55
xa=0.70,
ACH = 0.5 19.2/2.91 19.8/2.91 19.4/2.32 20.0/2 .36
The lowest overall ERR for control and PCM test cell simulations occurred with
values of 0.54 and 0.1 for glazing transmissivity and infiltration rate, respectively. Table 
9 also indicates the sensitivity of the simulation model to changes in the assumed values 
of transmissivity and infiltration rates.
CHAPTER 7
PHASE CHANGE WALLBOARD IN REAL BUILDINGS
In this chapter an exploratory analysis of the performance of PCM in real 
buildings is performed. Better predictions require the application of the test cell model to 
real buildings.
One application of PCM wallboard would be to shift the peak cooling load. By 
shifting the cooling load to night hours it is possible to take advantage of lower off-peak 
utility rates and improved air conditioner efficiency due to cooler outside ambient
temperatures.
A limiting factor in the applicability of PCM wallboard to buildings is the 
amount of thermal energy exchanged between the wallboard and the surroundings over 
the course of the diurnal cycle. To estimate the diurnal energy storage potential of the
PCM wallboard we assumed that the interior air temperature could fluctuate over a 5°C
(9°F) temperature range in a 24 hour period. The period of the thermal cycle and the
amplitude of temperature oscillation are the limiting factors for this application. The 
amount of energy ( 0  capable of being stored over the course of an off-peak period was 






where h is the combined coefficient of radiation and convection. The integral is 
calculated over a period of 12 hours with respect to time (r). and T(r) is the difference 
between the interior ambient temperature and the wallboard temperature as approximated
by a sinusoidal function with amplitude of 2.5°C and period of oscillation is 24 hours.
( ' I n  \
r(()= 2 .5 s in  — ( I (15)
Assuming a value of 8.35 W/m2C for h (Mitchell, 1983), the maximum energy available 
for storage in the wallboard was estimated to be 574 kJ/m2.
Using the DSC data it is possible to calculate the energy storage potential of the 
K -18 imbibed wallboard over a temperature range. If the interior air temperatures are
held between 19 and 24°C the energy storage potential of the wallboard ( q )  can be
calculated using Equation 16:
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24 C
<7 = 5 / , ^  (16)
I9C
where Cp is the specific heat data from the DSC testing, and AT is the temperature
differential between values of specific heat. The calculated energy storage potential of 
the K-18 imbibed wallboard was 9.7 J/g. Based on an average density for K-18 imbibed 
wallboard of 687 kg/m3, the heat storage capacity was estimated at 84.6 kJ/m2. If the 
peak energy storage capacity of K-18 could be shifted to the 19 to 24°C temperature 
range, the heat storage capacity of the imbibed wallboard could be as high as 375 kJ/m2.
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Rudd (1993) estimated a sensible heat gain of 93,000 kJ during the peak hours 
between 12:00 and 9:00 p.m. for a 140 m2 (1500 ft2) residential building in Miami, 
Florida during July. If the interior of the residential building contained 400 m2 of interior 
wall area and the heat storage capacity of the imbibed wallboard was 375 kJ/m2, the 
energy storage capability of the PCM wallboard would be 150,000 kJ. This is well above
the required amount of energy to shift the peak sensible cooling energy load.
In populated commercial buildings it may not be acceptable to have interior air
temperature swings on the order of 5°C. Mechanical heating and cooling units are often
used to maintain nearly constant interior ambient air temperatures. When the difference
in temperatures between the interior air and the wallboard becomes very small, heat 
transfer to the interior surfaces becomes a function of radiation. The primary source of 
radiation in an office environment is the electrical lighting. 21.5 W/m2 is a typical power 
input for commercial lighting. The amount of electrical power converted to visible light 
through fluorescent lighting is approximately 20%, and the typical absorbtivity of light 
colored walls in an office environment is 0.2 or less. If all of the visible light were 
absorbed by the wallboard and stored as thermal energy, 0.88 W/m2 energy storage 
would be possible. Compared to the 160 W/m2 necessary to cool a typical commercial 
building, the energy storage possible in the wallboard is negligible.
CHAPTER 8
CONCLUSIONS
The objectives of the study were to measure the thermal storage ability of K-18 in 
simple structures and develop a validated model based on the test results. Comparative 
testing of cells with and without K-18 imbibed in the wallboard clearly showed the 
energy storage potential of the PCM wallboard. This energy storage capability could be 
used to shift cooling loads to off-peak hours when electricity demand rates are lower. 
Shifting the cooling load to off-peak hours when outside temperatures are lower leads to 
higher air conditioner efficiency and downsizing of mechanical cooling equipment. The 
energy storage capability of PCM wallboard could be used in heat pump heated houses to 
delay heating to off-peak hours. In passive solar applications more comfortable interior 
air temperatures could be maintained through the storage of solar radiation in the PCM 
wallboard during the day, and release of stored energy from the wallboard during the 
night hours. The temperature moderating effects of the PCM wallboard could improve 
occupant comfort in all buildings.
Though designed to occur around 25°C, the useful phase change for the K -18
used in the test cell occurred between 27°C and 32°C. The shift of the phase change
region to higher temperatures was caused by the oxidation of the PCM over time. Anti­
oxidants have been developed to prevent this melting temperature shift but were not
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applied to the batch of K-18 used for the testing. A PCM with a smaller melting 
temperature range closer to the comfortable room temperature of 22.2°C (72°F) would
be more applicable to buildings.
The thermal performance of the test cells was reproduced with reasonable 
accuracy using a simulation based on a modified finite-difference approach. The 
modeling demonstrated the usefulness of DSC data in modeling phase change materials. 
The transient thermal properties and characteristics of PCM wallboard learned through 
the modeling of simple structures will serve as the basis for the prediction of PCM 
wallboard performance in buildings.
Preliminary calculations suggest that K-18 imbibed wallboard has sufficient 
energy storage potential for peak load shifting in buildings with diurnal temperature 
swings on the order of 5°C. In buildings with minimal interior air temperature variation
and solar gain, the applicability of PCM wallboard appears to be very limited.
A major issue currently exists with the flammability of the PCM imbibed 
wallboard. Imbibed wallboard has been shown to have an acceptable level of fire 
resistance if the percent weight by composite of PCM is held under 20%. Wallboards 
imbibed with over twenty percent weight PCM by composite did not self-extinguish 
during flammability testing, and therefore did not display an acceptable level of fire 
resistance (Salyer, I. And Sircar, A., 1997). Surface treatments and other proposed 
methods to address the flammability problem are currently under development.
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PLOTS OF SIMULATED VERSUS MEASURED TEMPERATURES
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CONTROL CELL INTERIOR AIR
Simulated and Measured Temperature Data
Simulated Temperature--------- Measured Temperature J ©
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Simulated and Measured Temperature Data
Simulated Temperature----------Measured Temperature
CONTROL CELL NORTH WALL
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Simulated and Measured Temperature Data
Simulated Temperature---------- Measured Temperature
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CONTROL CELL FLOOR CENTER
Simulated and Measured Temperature Data
Simulated Temperature----------Measured Temperature
PCM CELL INTERIOR AIR 
Simulated and Measured Temperature Data
PCM CELL SOUTH GLAZING
Simulated and Measured Temperature Data
0 0Simulated Temperature----------Measured Temperature
PCM CELL WEST WALL
Simulated and Measured Temperature Data
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Simulated Temperature----------Measured Temperature I
PCM CELL CEILING CENTER
Simulated and Measured Temperature Data
Simulated Temperature---------- Measured Temperature
PCM CELL FLOOR CENTER 
Simulated and Measured Temperature Data
APPENDIX 3
DIFFERENTIAL SCANNING CALORIMETER
RESULTS AND TEST DESCRIPTIONS
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<- i LE * z/‘JCz MIN HEAT, ARG0?4,
7A?4DARD; z ^ C ; MIN HEAT, ARGGN, -40 TO SO-’ C
1 AMPLE: X —13 b i ue
GMMENTSj 5-’ C/ MIN HEAT, ARGGN, —40 TO SO-’ C
TEMPERATURE HEAT CAP-. HEAT CAP.
DEGREES C J/g -  deg. C CAL/g -  oeg
—3 0 .OO . 3303 .21 03
—33. OO . 3736 . 2055
—3 6 .OO . 3643 . 2065
-3 4 .0 0 . 3645 . 2066
-3 3 .0 0 . 3673 . 2074
-30. OO . 3636 . 2076
-I S . OO . 3647 . 2066
— IS. OO . 3791 . 2101
— 14. OO . 3963 .2143
-1 3 .0 0 . 3292 . 2220
-1 0. OO . 9339 . 2351
—3. OO 1.1059 . 264 3
—S . OO i . 3631 . 3269
—4. OO 1.9703 .47 09
-3 . OO 3 . i4S7 . 7524
• OO 3.6555 . 5735
3. OO 2.6317 . 6239
4. OO 1.7039 . 4072
6. OO 1.5746 . 3763
3 .0 0 1.5363 . 3910
10.00 1.7104 .4037
13.00 1.3191 . 4347
14. OO 1.9474 . 4653
IS . OO 2.1150 . 5061
IS. OO 2.3463 . 5603
3 0 .0 0 2.6391 . 6306
3 3 .0 0 3. 0502 . 7233
3 4 .0 0 4. 1509 .9913
36. 0*0 3.5513 2. 0434
2 3 .0 0 13. 2053 4. 3501
30. OO 21.5154 5. 1411
3 3 .0 0 7.0675 1.6333
34. OO 1.3100 .31 30
36. OO 1.2370 .2956
33. OO 1.3474 .2931
4 0 .0 0 1.2563 . 3003
43. OO 1.255-0 .2939
44. OO 1.2634 .3019
4 5 .0 0 1.2711 . 3037
43. OO 1.2763 . 3050
50. OO 1.2770 . 3051
5 3 .0 0 1.2369 . 3075
5 4 .0 0 1.2317 . 3037
56. OO 1.2913 . 3036
5 3 .0 0 1.3052 .3119
60. OO 1.3145 . 3141
Sample: K - ia  b lue  R Q P  F i le :  NDSC2298.03
S ize: 0 .7260  mg L J  O  L-> O perator: MG
Method: DSC-Cp Run Date: 2 4 -0 c t-B 7  13: 40










i~ ILE 5 5°C / MIM HE A7 , ARGON,
STANDARD: 5-C/MIN HEAT, ARGON, —AO TO 60” C
SAMPLE: PLASTERBOARD W/'K—13 Ĉ 3O%>
COMMENTSs E ’ C/MIN HEAT, ARGON, —40 TO 60”C
TEMPE EATUEE HEAT CAP. HEAT CAP.
DEGREES C J/g -  d e g .C CAL/g -  deg
—30. OO . 3770 . 2334
- 2 6 .oo .9765 . 2333
—26. OO .9306 . 2343
—2 4 .OO .9765 . 2333
-a s .  oo .9765 . 2333
—20. oo .9616 . 2346
— 13. OO . 9337 . 2351
- io .O O . 9373 . 2359
-1 4 .0 0 . 3979 . 2334
— 12. OO 1.0090 .2411
— IO. OO 1.0315 . 2465
—6. OO 1.0693 * hi5oo
—6 .0 0 1.1712 .2799
—4 .0 0 1.6726 . 3997
-2 .0 0 2.6141 . 6246
.OO 1.3611 . 4447
2 .0 0 1.3234 . 3162
4 .0 0 1.2312 . 2942
6. OO 1.2325 .2945
6.0*0 1.2476 . 2931
10.00 1.2735 . 3055
12.00 1.3191 • o 15»-
14. OO 1.3751 . 3236
16. OO 1.4517 . 3469
13.00 1.5603 . 3723
20. OO 1.7094 . 4035
2 2 .0 0 1.9134 . 4572
2 4 .0 0 2 .4626 .5334
2 6 .0 0 4.3232 1.1525
2 6 .0 0 3. 0443 2.1611
30. OO IO .2704 2.4541
32. OO 3. 2260 . 7709
34. OO 1.1950 .2355
36. OO .9497 . 2263
33. OO .9107 .2176
4 0 .0 0 .3961 . 2141
42. OO .3393 .2125
4 4 .0 0 .3637 . 2076
46. OO .3747 .2090
46. OO .3702 .2079
5 0 .0 0 .35 79 .2050
5 2 .0 0 .3473 .2025
5 4 .0 0 . 3416 .2011
56. OO . 3350 . 1995
5 6 .0 0 .3223 . 1965
6 0 .0 0 .3110 . 1936
DSC F i le :  NDSC2296.02O p e ra to r: MG
Run D ate: 2 4 -O c t-9 7  .B:
Sample: PLASTERBOARD W/K-1B r3 0 X )
S ize : 2 4 .6 0 0 0  mg
Method: DSC-Cp











P IL E : HEAT, ARGON
STANDARD: x»'*C/MIM HEAT, ARGON
SAMPLEs PLASTERBOARD
COMMENTS: 5 '5C /M IN  HEAT, ARGON
TEMPERATURE HEAT CAP. HEAT CAP'.
DEGREES C J /g  — d»g« C C A L /g  — de^g-C
A. OO . 3A35 . 3013
6. OO . 3015 . 1915
3 .0 0 . 3175 . 1953
10.00 . 33A3 . 1993
13.00 . 333A . 3003
1 A. OO . 3533 . 3039
IB. W . OZrZfkB . >xoA3
13. OO . 3673 . 307A
30. OO . 375A . 3093
33. OO . 3303 . 3105
3A. OO . 3330 . 3133
36. OO . 39A3 .3137
33. OO . 3933 . 31A6
30. OO . SOSA .3 1 5 9
3 3 .0 0 . S106 . 3176
3A. OO .9135 .31 33
36. OO .9133 . 3133
36. OO .9137 .31 95
AO. OO . 9313 .33 03
A3. OO . 935*0 .3 3 1 0
AA. OO . 93 A 3 .3 3 0 9
A6. OO . 93AO .33 03
A3. OO .9355 . 331 1
50. OO . 9357 .3313
53. OO . 9330 .3317
5A.OO . 9399 • *b3«£i^
56. OO . 933A . 3330
53. OO . 9367 . 331A
60. OO . 93A9 • 3310
Sample: PLASTERBOARD
S ize: 9.83B 0 eg
Method: DSC-Cp
Common t:  S*C/M IN HEAT. ARGON
DSC F i le :  NDSC2293.02O perator: MG
Run Date: 2 3 -0 c t-9 7  12:39
o
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Gener-ai A n a ly s is  05/03/37 1 3 :4 7 :3 3  Page
r i l e :  HDSC3333. 01 Run D a te : 3—Sep—37 0 3 :4 5
P ro g ram : G en era l '»'4. 1C Sun Number: 33
DuPont 3100 Thermal Aria l y s i s  —  DSC MCA
Sam p le : K — 13 f rom drum
S iz e : 10.3300 mg
C e l 1 C o n s t a n t : 1.0741
O p e r a t o r : MG
M eth od : DSC-PCM
Comment: S-O^C/MIN HEAT
Peak S tar-t O nset Max H e ig h t
oC ,3C °C
-1 1 .3 3 30. S3 -3 .0 3 4 mW
3 1 .7 3 34.34 3. 744 mW
-1 4 . 71 30. S3 -3 . 355 mW
30. IS 34. 07 3. 331 mW
S to p  A r e a
«C
33. 31 173 .3  J/g H a.lb
—1 7 .3 5 133.4  J/q 9 1 . y j
35. 33 137 .3  J/g_ — *H- 13.
- I S . 43 133.4  J/g h i . n
F i le :  NDSC2238.01
O perator: MS
Run Oate: 3 -8 e p -9 7  09 :4 0
Sample: K -18 from drum
S ize: 10.9200 mg
Method: DSC-PCM












Sample: K-18 from drum
S ize: 10.9200 mg
Method: DSC-PCM
Comment: 2 .0 *C /M IN  HEAT
F i le :  N0SC2238.01
O perator: HO













G a n a ra i A n a ly s is  0 9 /0 3 / 9 7  1 4 t0 0 > 0 7  P a g *  1
F i l a ;  NDSC2237.O1 Run D a ta *  2 9 -A u g -9 7  1 1 »OO
P r o g r a » i  G a n a ra i V 4 . 1C Run N uM bart 36
DuPont 2 1 0 0  T h arm a l A n a ly s t *  —  DSC MCA
S a m p la t CENTER OF K - l f l  IMBIBED PL BOARD
S t z a t 1 4 .5 6 9 0 mg
C a l l  C o n s ta n t i  1 .0 7 4 1
O p a r a t o r i MG
M a th o d > DSC-PCM
Coaawant * 2 . O**C/MIN HEAT
P aak S t a r t O nsat - Max H a tg h t S to p A n ta
*»C «C -»c -»c
- 1 0 . 5 3 2 6 . 2 2 - 5 .6 6 9 mW 3 3 . 6 0 5 6 .6 5 J /o I3.SS
3 0 . 6 7 2 5 . 2 6 5 .2 6 6 mW - 2 0 . 2 0 5 7 .  4 9 J /o 13. 7<f
- 1 0 . 2 0 2 6 .3 0 - 5 .9 2 4 mW 3 2 . 6 3 5 6 . 17 J /g _ ----- lA .J o _
3 0 .7 1 2 5 .3 2 5 . 244 mW - 1 6 . 4 9 5Ga 31 J /B ------ L3L_4fe.
F i le :  NDSC2237.01
O perator: H8
Run Date: 29-Aug-S7 11:00
DSCSample: CENTER OF K -18 IMBIBED PL BOARD Size: 14.BB90 mg
Method: OSC-PCM 

















F i le :  NDSC2237.01
O perator: MS
Run Date: 29-AU 0-97 l l :  00
DSCSample: CENTER OF K-1B IMBIBED PL BOARD S ize: 14 .0890 mg
Method: DSC-PCM 











C A L C U L A T IO N  O F H E A T  C A P A C IT Y  U S IN G  T A  2910 DSC
The calculation o f heat capacity by Differential Scanning Calorimetry (DSC) (A S TM  E1356) has been 
routinely performed for years. In  T A ’s DSC, the experimenter performs three scans. Empty reference 
pan, a standard material (such as sapphire) o f known specific heat, and the sample material. The three 
scans are plotted on a single graph of (mW) vs. temperature.
In  order to calculate the heat capacity of the sample, at a specified temperature, a cell constant “E” for 
that temperature must be calculated using equation #1. From the graph, the heat flow (A Y) is determined 
graphically and converted to m W  in equation #1. The heat capacity for the sapphire standard is obtained 
at different temperatures from a table of known values supplied by T A . After “E” has been determined, 
the heat capacity o f the sample can be calculated by solving equation #2 for Cp and substituting in the 
respective values o f E, AY, m and H r for the specified temperature. A t the University o f Dayton Research 
Institute, we have written a computer program that w ill perform heat capacity calculations from DSC  
data. For this program, the samples are run by the routine procedure described by T A  but the data is 
converted to A S C II files where it is read directly by the program. The calculation performed is slightly 
different from the routine procedure. Since the heat flow data (m W ) is read directly there is no need fix  
the conversion factor AQs. In  addition, equation #1 and equation #2 are solves simultaneously resulting 
in  the simpler equation #3.
Cp Hr m
Equation #1 E =  ------------------------
60 Aqs AY
E  60 Aqs AY  
Equation #2 Cp =  -----------------------
H r ra
Where Cp =  heat capacity
H r =  heating rate °C/min
Aqs =  converts cm to m W  
m = mass (mg)
E  =  cell constant
A Y  -  distance between standard or sample and the reference in cm
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Cp* K .  A Y „
Equation #3 C p - --------------------------------
M _  AY<
Where O b  ~  heat capacity of standard
C p .  =  heat capacity of sample
M .  -  mass o f sample
AYrt =  m W  reference - mW standard
A Y «  =  m W  reference - mW sample




1. Load Cha t a l l  with eapey saapla and reftranca pans.
2. Prapara cha TA prograaer co a e o n  ew  saapla runs.
3. Sac eha p n g x w a r  co hold laocharaally ae cha 
icx rc la f ccapancaza fo r  5 alnucea, hear ae tha 
daslrad baac rata, and hold ae tha H a lt  e ta p a n -  
Con for 2 adnuraa.
* . Scare cha ran. Daflactlon froa cha i n i t i a l
e q u i l ib r ia  polnc nay ba np or down dapending upon 
Cha haac capacity difference between eha aaapla and 
reference pans.
3. lepeac th is  proeeden under id e n tica l conditions 
with a weighcad aaapla in  tha ssae eapey aaapla pan 
used above. Do noe adjust baseline slope or usa cha 
signal zero function beeween runs.
6 . Playback cha above tharuograas. F ir st playback cha 
saapla ran and p lot Cha charnogran; using the sane 
tharaograa, auperlnpose cha eapey aaapla pan run 
using cha exact saaa range se ttin g s  as chose used 
for Che aaapla run.
7. Calculate haac capacity by aeasurlng cha d ifferen ce  
In T -axis dlsplacaaenc (ca lor laacr le . d iffe r e n c ia l)  
between the aaapla and blank, curves a t any desired  
feaperaenrs. Sea tha figure on page 73.
t .  Substitu te cha difference in to  tha follow ing  
equation;
where E " C ell ca libration  c o e ff ic ie n t  a t tha Ceaperacura 
of in terest  (lin en s Io n ia n )
aqs ~ T-axis 1ABCE sca lin g  in  tfZca  
Hr -  Haaclng race la  *C/nla
AT -  Difference in  T-axis deflection  beeween aaapla 
and blank carves aC teaperacure of lnceresc  
in  ea
a « Saapla aaas in  ng
Cp “ Heac capacity la  lZg*C.
■on
o Tha quantity (601 aqs/Hr) i s  constant
undar a given aec of cxparlaancal conditions.
I t  converts cha T aaaauraoane d ir ec tly  in to  
u n its o f haac capacity in  JZg*C.
o For highesc accuracy, dataralaa tha value of  
chia conacanc (aa an e n tity ) by Tim in g  a 
standard aacarlal o f known sp ec if ic  heat 
onder id e n tica l conditions aa tha unknown saapla. 
Than, snbscltuca cha valnaa of a T, a , and Cp for  
Cha standard Into Cha above equation a t  Che 
tasperatnre o f in te re st .
o A sapphire (AI2O3) standard i s  provided la
the accessory kie for  th is  purpose. Sea tabla A 





University of Dayton Research Institute 
Dale November 5. 1997
Thermal Conductivity Measurement
The thermal conductivity of your sample was determined by using a modified TA DSC 910 as described in the 
enclosed paper. The sample was analyzed al 30.40 and 5ff’C. The instrument was first calibrated with two Pyres 
7740 cylindrical glass specimens of slightly different lengths at each of the test temperatures. These experimental 
values were then used to calculate the thermal conductivity of your sample using the equation outlined in the paper 
Five to seven measurements were taken at each temperature io obtain a more accurate average.
Tlic tlicnnal conduct n ily of your samples arc listed in the table below
Sample Temperature CO Thermal Cooductivitv fW/mK)










THERMAL CONDUCTIVITY OF POLYMERS BY DSC
Mary L. Galaska. Anil K Sircar, and Richard P. Chartoff 
Center for Basic and Applied Polymer Research 
University o f  Dayton, Dayton, OH 45469-0131
ABSTRACT
Differential Scanning Calorimetry (DSC) is commonly used to measure the heat 
flow in and out o f a sample as a function of time and temperature. The rate at 
which heat travels through a sample, its thermal conductivity, is an important 
processing property. Thermal conductivities o f most polymers are between 0.1 
and 2.0 W/mK [2] depending on the molecular weight and crosslinking. A highly 
crystalline polymer will have a greater conductivity than the equivalent amorphous 
material and thermal conductivity will vary with degree o f crystallinity.
In this paper, a method for determining the thermal conductivity o f  polymeric 
materials through a simple modification of the TA 910 DSC analyzer will be 
described An external; iron-constarttan thermocouple (Type K), covered by a 
copper heat sink, is used to record the temperature at the top o f the test specimen 
(T2). Heat is supplied by the DSC unit to hold the sample isothermally at the 
desired test temperature (T j). The temperature gradient (Tj - T2) along with the 
cylindrical sample dimensions is used in the Fourier heat flow equation to calculate 
the thermal conductivity o f the material with respect to a standard
mWs L5 D2r ATr
Xs = A,- x ------— x -----x ------- x ------
mWr Lj. d 2s ATs
where,
X = thermal conductivity, W/raK 
mW = Heat Flow, mW 
L = specimen length, mm 
D = specimen diameter, mm 
AT = temperature differential (T) - T2) (°C) 




The auxiliary mV signal (signal B) is imported into the TA2100 controller from 
the DSC 910 cell base by using an external Type K thermocouple with a cold 
junction. This mV output signal was calibrated and found to be very accurate in 
determining the temperature. Heat is generated by the DSC unit, travels through 
the specimen to the external thermocouple, which is set in copper. A large copper 
heat sink with a hole for the thermocouple sits on a steel spacer with two 
windows, then is closed off by a steel cover and convection shield The whole unit 
is then covered by an open-top glass cover. A transite cover with a hole lined up 
with the DSC sample platform is placed just above the DSC cell to reduce the 
convection heat losses See Figure 1
Figure 1. Diagram of DSC cell modification. 1. external thermocouple, 2. copper 
heat sink, 3.steel spacer. 4. transite cover, 5. sample, 6. DSC sample platform.
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EXPERIMENTAL PROCEDURE
With the TA 2100 Controller on the Signal Control screen, the signal B (mV) 
was zeroed with the external thermocouple in the ice bath The heal flow signal A 
(mW) was zeroed when a stable reading was obtained at room temperature. A 
silicone lubricant was used to ensure better contact between the external 
thermocouple, the sample, and the DSC cell. The sample was put in place through 
the window. The thermocouple was introduced into the copper heat sink and 
locked in place with its bottom touching the sample. The window was closed and 
the glass cover placed over the unit. The DSC was then heated to 25°C and held 
isothermally for 12 minutes recording the signals A (mW) and B (mV).
Cylindrical sample of Pyrex 7740, vulcanized natural rubber, LDPE, HDPE and a 
photoresin (Ciby-Geigy cibatool 5081.1) were tested At least six measurements 
o f each sample were made to obtain a reasonable average. The DSC was cooled 
to room temperature in between each run.
SAMPLE PREPARATION
Six different materials were tested with this method. These include: 1. Pyrex 
7740 glass, 2. photopolymer 5081.1, 3 low density polyethylene, 4. high density 
polyethylene, 5. polystyrene, 6. a natural rubber reference compound as used by 
Sircar and Wells [ 1 ] The Pyrex 7740 samples were cut from a 6mm rod and 
machined to give flat parallel ends. The natural rubber reference compound (100 
NR-SMR5, 3.0 sulfur, 5.0 zinc oxide, 0.5 stearic add, 1.0 phenyl-J)- napthylamine, 
3.0 pine tar, 0.75 MBT) was mixed on a 6" x 12* roll mill then cured for 80 
minutes at 275°F. This compound was found to be stable and give reproducible 
results at 25°C as reported by Sircar and Wells [ 1 ]. Samples o f this material were 
prepared in a mold with a cylindrical cavity o f 6.26 mm. The length could be 
varied depending on the amount o f  material placed in the hole. The material was 
compressed and cured to form cylinders. Two samples with diameters o f  14.84 
and 13.90 were tested. The data from these two samples was used to calculate the 
experimental thermal conductivity reference point at 25°C The literature value 
for this reference material was taken as 0.151 W/mK [1], The thermal conductivity 
o f the natural rubber samples was also calculated at the higher temperatures using 
the 25°C data as the reference.
The LDPE, HDPE and polystyrene samples were also prepared in this mold at 
an oven temperature o f 350°F Samples with diameters o f 12.90, 13.94 and 11.37 
mm respectively were tested.
The photopolymer sample was prepared by using a 1" section o f a 5 mm glass 
tube as a mold for containing the liquid. The bottom was plugged with a butyl 
rubber and the tube was positioned vertically on a flat surface. It was filled with
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the photoresin and placed in a vacuum oven for about 15 minutes at room 
temperature to remove dissolved gasses. The sample was then exposed to a UV 
light for 2 hours, rotating 1/4 turn every half hour. When the sample was 
completely cured, the glass tube was carefully broken to recover the sample The 
sample ends were sanded until they were flat and parallel with no voids. A 
cylindrical sample with a length of 13.32 mm and a diameter o f 5.06 was used for 
tl s study.
RESULTS
This method was found to give acceptable values o f thermal conductivity for 
the polymers tested as listed in Table 1. The values cited are an average of six 
measurements for each sample. The experimental data for the Pyrex 7740 and the 
polystyrene samples agreed favorably with the literature values to within 2%. 
However, the comparison of the experimental and literature values o f the 
polyethylene samples was not as dose. This difference could be due to a number 
of reasons including the samples' thermal history, its crystallinity, or to small 
undetectable voids in the test specimen.
The thermal conductivity o f the natural rubber reference sample agreed with 
the value cited by Sircar and Wells (1 ]. A literature value was not available for the 
photopolymer sample. The thermal conductivity o f  the rubber compound and the 
photopolymer sample
decreased slightly with increasing temperature as seen in Figure 2
CONCLUSIONS
This modified DSC method is an easy and quick way to determine thermal 
conductivity o f polymeric compounds. It also has the advantage of using small 
samples and takes only minutes for each determination. However, it is 
recommended to make at least six measurements on each sample at each 
temperature o f interest to obtain a more accurate average value for the thermal 
conductivity. It was also found that the room temperature should be maintained at 











Natural Rubber 25 0.145 0.151 [1]
(d “  5.75mm) 40 0.116
(1 = 13.90mm) 60 0.106
80 0.101
Natural Rubber 25 0 153 0.151 ri]
(d = 5.75mm) 40 0.112
(1 = 14.84mm) 60 0.107
80 0.102
Photopolymer 5081.1 25 0.222 n/a
(d = 5.06mm) 40 0.204
(1 = 13.32mm) 60 0.193
80 0 188
HDPE 25 05 9 0 46 to 0.50 [4]
(d -  5.71mm)
(1 = 13.94mm)
LDPE 25 0.49 0.33 to 0.38 [4]
(d = 5.71mm)
(1 = 12.90mm)
Polystyrene 25 0.14 0.14 (21
(d = 5.96mm)
(1 =  11.37mm)
Pyrex 7740 30 1.075 1.101 (5]
(d = 5 95mm) 40 1 117 1 116
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T em perature ( C)
Figure 2. Thermal Conductivity verses Temperature o f natural rubber and 
photopolymer samples
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